Homologue scheelite crystals CaWO 4 , SrWO 4 , and BaWO 4 possess similar crystal and electronic structure, but their luminescence exhibits drastically different thermal stabilities. By measuring the temperature dependence of the decay time of the intrinsic luminescence and fitting it to a three level model, we have qualitatively shown the effective exciton radius to increase in the order CaWO 4 → SrWO 4 → BaWO 4 , which explains the differences in the thermal stability. The origin of the variation in the exciton radii is suggested to be related to differences in the excited state dynamics in these crystals. From the decay kinetics measured under conditions of high excitation density, the efficiency of dipole-dipole interaction between excitons is shown to grow with exciton delocalization.
Introduction
Homologue scheelite crystals, CaWO 4 , SrWO 4 , and BaWO 4 , are popular research objects and possess a wide application range. CaWO 4 , being the first known detector of ionizing radiation [1, 2] , is still commonly used in scintillator screens for medical radiography and security systems. Crystals of SrWO 4 and BaWO 4 , in particular doped with Nd, have been recognized among the most efficient mediums for Raman lasers [3] [4] [5] [6] [7] . The high application potential has triggered intensive research on scheelites in the fields of their crystalline and electronic band structure, lattice dynamics, and luminescence spectroscopy.
The crystals belong to the same space group (I4 1 /a; No. 88) and have similar lattice parameters (table 1). The slight variation in the lattice parameters reflects the increase of the cation radius in the sequence Ca → Sr → Ba. The electronic structure is also similar for all three crystals [8] [9] [10] . The first excited states are recognized as electronic transitions between the O 2p and W 5d states within the − WO 4 2 molecular ions. The contribution from the cation to the density of states becomes noticeable at 3-4 eV above the conduction band bottom and thus it has no apparent role for the low energy optical excitations. It is therefore expected that the luminescence properties of the crystals are very similar.
However, a comparison of luminescence properties of these crystals is complicated by the limited experimental data. While the spectroscopic features of CaWO 4 have been extensively studied in a wide temperature range [11] [12] [13] [14] [15] , knowledge of the luminescence properties of SrWO 4 and BaWO 4 is fragmentary. The main emission band in both CaWO 4 [16] and SrWO 4 [17, 18] , the so-called blue luminescence, peaks at low temperatures at 420-450 nm (2.76-2.95 eV). It is ascribed to charge transfer transitions in − WO 4 2 molecular ions, resulting in self-trapped excitons (STE) localized at these ions [8, 16, 17, 19] . Both crystals display also a lower-energy emission, the so-called green luminescence, attributed to lattice defects, most frequently to defect WO 3 complexes [16, 17, 20] . It can be excited in the band gap directly near the fundamental absorption edge and for that reason it is often mistaken for intrinsic emission if a long-wavelength laser is used for excitation [21, 22] . For BaWO 4 , various weak emission bands with peak positions ranging from 360 to 550 nm depending on excitation wavelength have been reported at low temperatures
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Cation influence on exciton localization in homologue scheelites [17, 23, 24] . In nanostructured [25] or disordered [26] BaWO 4 powders, only green luminescence is observed at room temperature. No telling arguments in favor of the intrinsic nature of any of the BaWO 4 emission bands have been presented.
Despite the similarities in the crystal and electronic structure of CaWO 4 , SrWO 4 , and BaWO 4 , their emission demonstrates radically different thermal stability. The quenching temperature of the main emission decreases drastically in the given crystal sequence. Under excitation by ionizing radiation, the CaWO 4 emission is quenched by 500 K [14] , while that of SrWO 4 is practically quenched by 300 K with the decay time shortening from 25 μs at 10 K to about 500 ns [18, 27] . Finally, according to the scarce data published up to now, a weak blue emission of the BaWO 4 crystals is quenched completely by room temperature and it may be assumed that the emission thermal quenching in BaWO 4 takes place at even lower temperatures than in SrWO 4 . No temperature dependence of the intensity has been published. The reason for such difference is not understood, although a weak scintillation response of SrWO 4 and its absence in BaWO 4 has puzzled researches before [28] .
From the similarity of the ground state lattice parameters and the electronic structure, we are led to believe that important differences between the crystals emerge only during the excited state relaxation. If the cation has an effect on the relaxed exciton radius (localization length), then the differences in thermal stability might be explained by the different rates of exciton diffusion. In this paper, we attempt to indirectly estimate the variation of the exciton radius in the series CaWO 4 → SrWO 4 → BaWO 4 by using time-resolved spectroscopy in a wide temperature range for determining the energy level structure of the triplet excitons. Additionally, from high excitation density experiments with fs laser pulses, we investigate the relation between the exciton radius and the efficiency of dipole-dipole interaction in scheelites. The latter is responsible for excitation density dependent luminescence quenching and has been shown to be responsible for the phenomenon of scintillator nonproportionality in intrinsic excitonic scintillators [27, [29] [30] [31] [32] .
Experimental
We studied CaWO 4 , SrWO 4 , and several BaWO 4 crystals of various origin, all grown by the Czochralski method.
Time-resolved spectra (at 4.2 K) and temperature dependencies (1.9-200 K) of the emission decay times were measured with 1 μs pulses using a xenon Perkin-Elmer FX-1152 Flashtube and an Ortec MCS-PCI Card with a 100 ns resolution. Emission and excitation wavelengths were selected with double-quartz monochromators DMR-4. The emission was detected with a Hamamatsu photon counting head H6240-01.
Emission decay kinetics under high density excitation (at 92 K) was studied at the Laser Research Center of Vilnius University with a Ti:sapphire fs laser, which uses Kerr-lens modelocking with a Superspitfire amplifier (Spectra Physics, USA). Experimental details were similar to those of [27] . A cryostat with quartz windows was used for performing experiments at low temperatures using liquid nitrogen as a coolant.
Models

Three-level model
The intrinsic emission of tungstates is generally attributed to the radiative recombination of self-trapped Frenkel excitons (STEs) localized at the − WO 4 2 molecular ions [16, 20, 34] .
The exciton ground state has a triplet nature, with the lower lying energy level separated from the higher lying doubly degenerate level by an energy ∆ SOC , which is attributed to the spin-orbit interaction (SOC). Due to the forbidden nature of the transitions, the decay time of the unquenched intrinsic luminescence of tungstates is at least 10 μs. Of all the atoms present in these systems, W has the biggest contribution to SOC because the splitting energy is proportional to Z 4 , where Z is the nuclear charge. Since the electron component of the exciton is localized at the W atom, it follows that the lower the value of ∆ SOC , the less time the electron spends in the vicinity of W, which can be interpreted as a larger spread of the exciton wavefunction. Thus, ∆ SOC can be indirectly related to the wavefunction spread, which, for convenience, we define here as the exciton radius. We stress that this definition should not be confused with the exciton Bohr radius, a term that is only applicable to Wannier-Mott excitons. In tungstates, the hole and electron components of the exciton are localized at O and W atoms, respectively, the resulting wavefunction of which has far from spherical symmetry.
For the determination of ∆ SOC , we modeled the temperature dependence of the decay time of the triplet excitons with a three level model based on [35] (see the inset of figure 3 in [35] for a schematic of the exciton energy structure). The relaxed excitons populate the higher lying doubly degenerate level 2 and the lower lying metastable level 1 with the total population ( ) ( ) ( ) = + n t n t n t 2 1 2 . This results in the coupled rate equations
where k 1,2 are the radiative transition rates from the levels 1, 2 to the ground state and k 12 and k 21 are the nonradiative transition rates between levels 1 and 2. In the single-phonon approximation, [
where K is the transition rate at T = 0. With analytical solutions of the form 1/ are the decay times of the slow and the fast component, respectively. In our experiments, we were only able to observe the slow component in the decay of the intrinsic emission of the crystals. If we additionally account for the nonradiative quenching to the ground state [36] , the observed decay time becomes
where K x is the quenching rate and E x is the energy barrier. Such a substitution in equation (4) is justified if the high temperature plateau is reached at a lower temperature than the onset of thermal quenching. Equation (4) can be fitted with experimental data to determine the transition rates k 1,2,12 , the quenching parameters, and, most importantly, the spin-orbit splitting energy ∆ SOC between levels 1 and 2.
Dipole-dipole interaction
In tungstates, the Förster dipole-dipole energy transfer (FRET) can be modeled in terms of a bimolecular reaction between triplet Frenkel excitons, where one of the excitons serves as a donor and the other as an acceptor, and as a result one of the excitons recombines nonradiatively while the other ionizes. A good overlap between the emission and the transient absorption spectra [37, 38] of the exciton generally results in efficient energy transfer in tungstates. In principle, FRET can also occur with an exciton and the − WO 4 2 ground state as the donor and acceptor, but this can be excluded due to the negligible overlap between the emission and excitation spectra (figure 1). Experimentally, FRET can be observed in the decay kinetics of the exciton luminescence for a sufficiently high exciton density. For the small-radius Frenkel excitons such densities can be achieved using, e.g., femtosecond laser systems. As a result, the decay curves, which would otherwise be purely exponential, start showing density-dependent nonexponentialities at the beginning of the curves, and can be fitted to theoretical models for determining the dipole-dipole interaction radius. To date, such analysis has been done for several systems, including tungstates [27, [29] [30] [31] [32] .
In addition to FRET, if excitation is performed in the Urbach tail using fs pulses, which is the present case, then one must also account for an absorption saturation effect [27] . The saturation is related to the nature of absorption in the region of phonon-assisted absorption and is not present in the fundamental absorption region. The luminescence intensity is then given by 
where n 0 is the exciton saturation density, a is the laser beam Gaussian 1/e radius, τ is the radiative decay time, α is the absorption coefficient, I 0 is the number of photons in the pulse, and − R d d is the Förster dipole-dipole interaction radius. Since n 0 and − R d d are strongly correlated in equation (5), the fitting procedure must be performed simultaneously for a family of decay curves. In our case, the curves were measured for different pulse energies and then fitted using a global nonlinear optimization package [39] . The initial amplitude and background were separate for each curve, while τ, − R d d , and n 0 were set as the global fitting parameters.
Since the above model applies only to immobile excitons, the excitation energies and temperatures should be chosen to ensure that there is no competition with exciton diffusion. Figure 1 presents the time-resolved emission and excitation spectra of CaWO 4 , SrWO 4 , and two BaWO 4 crystals, all measured at 4.2 K. The emission spectra were obtained by measuring the decay kinetics at each emission energy and fitting the resulting decay curves to a sum of at most four exponentials plus background. Each data point in the figure corresponds to the light sum τ I n n 0 , where I 0n and τ n are the initial amplitude and the decay time of the nth decay component. Relative values of the light sums corresponding to a given crystal and excitation energy are directly comparable.
Results
Emission and excitation spectra
The emission spectra were measured for two excitation energies-one corresponding to the band gap edge and one exciting to the fundamental absorption region. Similarly, we attempted to measure the excitation spectra for the green and blue luminescence, although for BaWO 4 , as explained below, the latter was not identifiable.
Both CaWO 4 and SrWO 4 display an intrinsic emission band at around 2.8 eV and a defect emission band at 2.4 eV. These correspond to the characteristic blue and green luminescence [11, 16, 40] . The corresponding luminescence decay times for CaWO 4 are 366 μs (a4 in figure 1 ) and 551 μs (a1). In addition to the main green band, there are two other bands (a2, a3) at 4.5 eV excitation, which are about 5 times weaker at the maximum. The blue band of SrWO 4 is resolved into 254 (b3) and 1.0 μs (b4) components, the latter being 100 times weaker. The green band consists of 522 μs (b1) and 40 μs (b2) components, the latter being about 10 times weaker. There is an additional long component at 2.8 eV (b5), which manifests itself in the energy dependence of background and must have a decay time of at least 10 ms. The fundamental absorption region starts at a higher energy in SrWO 4 than in CaWO 4 in accordance with [41] , where the band gaps of tungstates were predicted to grow with cation size.
For both BaWO 4 crystals we could distinguish about ten emission components at different excitation wavelengths, of which the most intense ones are shown in figure 1 . The decay times ranged from less than 1 μs to more than 10 4 μs (see the caption of figure 1) . Notably, there is no clear agreement in the position of the bands or the decay times between the two samples. There is also some disagreement in the excitation spectra of the two samples, whose complicated structure, possibly a result of several defect centers, is in contrast to CaWO 4 and SrWO 4 , where the green and blue components are clearly identified. Previously, weak intrinsic emission of BaWO 4 has been claimed to be seen at approximately 2.7 eV [22, 23] . However, with no time-resolved analysis such assignment can be dubious, since our stationary emission spectra of BaWO 4 (not shown) also resemble single Gaussians and seemingly agree with those of [22, 23] . We can conclude that the emission bands of the BaWO 4 samples originate mainly from defect centers, which are expected to be sample dependent. The intrinsic luminescence is either too weak to be distinguished from defect luminescence or it is nonexistent in BaWO 4 . This is a strong indication of high exciton mobility, leading to almost all of the excitation energy being captured by defect centers. Intensity, a.u.
Energy, eV
Decay time temperature dependence
Having distinguished the characteristics of the decay kinetics of the intrinsic and extrinsic emission of CaWO 4 and SrWO 4 , we further investigated the nature of the exciton states responsible for the intrinsic emission by measuring the temperature dependence of their decay time. In BaWO 4 , no decay components identifiable as intrinsic emission could be separated. Neither had the decay time of any component a temperature dependence similar to that of CaWO 4 or SrWO 4 as shown in figure 2 . For this reason, the following analysis was not done for BaWO 4 . Figure 2 presents the temperature dependence of the decay time of the intrinsic luminescence of SrWO 4 and CaWO 4 . The CaWO 4 curve corresponds to a typical behavior of the triplet state. The low and high temperature plateaus are determined by k 1 and k 2 . The position and slope of the intermediate region are determined by ∆ SOC and K. It is seen that for SrWO 4 neither plateau is present. The reason for the low temperature behavior is that even at 2 K there is considerable contribution from the k 12 transitions due to the small value of ∆ SOC , which does not allow the lower lying metastable level to become dominant, which would otherwise lead to the plateau. The high temperature plateau is never reached because of an early onset of thermal quenching, which can also be seen from the temperature dependence of the intensity of the main emission. The latter is similar to the temperature dependence of the intensity of the green emission ( figure 2) .
We fitted the curves with the model of triplet excitons (equation (4)); the results are shown in table 2. Since neither plateau is present for SrWO 4 , its k 1 and k 2 values contain considerable uncertainty. The rest of the fitting parameters are much more insensitive to data point errors. Also, since the temperature range for CaWO 4 was below the onset of thermal quenching, its E x and K x values are taken from [42] .
Decay kinetics under high excitation density
We measured the decay kinetics of CaWO 4 and SrWO 4 at T = 92 K using 100 fs laser pulses and fitted the results to equation (5), which includes the effects of both excitonexciton interaction and absorption saturation. Qualitatively, the nonexponentiality at the beginning of the decay curves (not shown) gets more pronounced with pulse energy, in agreement with the previous results of similar studies [27, [29] [30] [31] 43] . The parameters used in the fitting procedure and the fitting results are summarized in table 3. The beam radii were determined with a CCD camera. The absorption coefficients were directly measured up to values on the order of 100 cm −1 and then extrapolated according to the Urbach law. The dipole-dipole interaction radius − R d d is 3.2 nm for CaWO 4 and 5.8 nm for SrWO 4 .
In our saturation model, the crystal is taken to be frozen at the moment of excitation, with a limited number of centers that have an atomic configuration suitable for absorbing a photon. Both α and n 0 are proportional to the number of such centers and therefore proportional to each other. α additionally depends on the dipole matrix elements between the valence and conduction states, but if we take the matrix elements to be the same for the crystals because of the similar electronic structure, then the values of n 0 of CaWO 4 and SrWO 4 are directly comparable. It follows that since in our experiments SrWO 4 had a lower α it should also exhibit a lower n 0 than CaWO 4 , a conclusion that is confirmed by the results of table 3.
Discussion
Exciton radius versus cation radius
Temperature dependencies of both the intensity of the main emission and its decay time ( figure 2 and figure 11 from [14] ) suggest that the thermal diffusion of excitons is stronger in Figure 2 . Decay time temperature dependence of the intrinsic emission of SrWO 4 (squares) and CaWO 4 (crosses) and the temperature dependence of the intensity of the intrinsic (stars) and extrinsic (circles) emission of SrWO 4 . Solid lines are fits to the model (equation (4)). Logarithmic scale is chosen for better visualization. Note: 9 and 10 curves were simultaneously fitted for CaWO 4 and SrWO 4 , respectively, with laser pulse energies ranging from 0.2 μJ to 2.3 μJ.
SrWO 4 than in CaWO 4 for the following reasons. Firstly, the luminescence quenching, supposedly due to diffusion, starts at a much lower temperature in SrWO 4 (36 meV) than in CaWO 4 (320 meV). Secondly, the effect of spin-orbit interaction is less in SrWO 4 (0.8 meV) than in CaWO 4 (4.2 meV), which, as discussed in section 3.1, suggests SrWO 4 has a larger exciton radius. For the case of triplet excitons, diffusion is generally described in terms of the Dexter exchange hopping mechanism [44] , where, in a hydrogen-like approximation, the hopping rate obeys
2 / , where r is the distance between the two centers and where L is the effective Bohr radius. For molecular excitons the relationship is not so straightforward, but the basic requirement of an overlap between the neighbouring wavefunctions still leads to the conclusion that a larger exciton radius increases the rate of diffusion.
Assuming that thermal diffusion correlates with the exciton radius, it can be explained why it is difficult to see any intrinsic luminescence in BaWO 4 . If the exciton radius, and thus diffusion, increases in the order CaWO 4 → SrWO 4 → BaWO 4 , then it could be that already at 4.2 K the intrinsic luminescence of BaWO 4 is quenched to a degree that only defect luminescence is observable.
The reason for such behavior is currently not clear. A greater spatial extent of the cation wavefunction could possibly lead to a greater hybridization with the exciton state, which increases the spread of the exciton wavefunction. While the temperature range of our experiments with BaWO 4 was limited down to 4.2 K, based on the discussion thus far, we may predict that its intrinsic emission becomes observable at sufficiently low temperatures in sufficiently pure samples.
Exciton radius versus dipole moment
A relation between the Frenkel exciton radius and its dipole moment has thus far not been established. It is possible that a greater delocalization of the exciton with possibly larger hybridization with cation states leads to a greater dipole moment of the exciton for transitions between the exciton state and the − WO 4 2 ground state, and also to a greater dipole moment for exciton ionization. With such a scenario we expect the dipoledipole interaction radius to increase in the order CaWO 4 → SrWO 4 → BaWO 4 , because a greater dipole moment leads to a greater efficiency of FRET [45] . In SrWO 4 , − R d d is almost twice as high as in CaWO 4 . Since the probability of energy transfer between a pair of excitons is proportional to
FRET is much more efficient in SrWO 4 . From this result we conclude that in scheelites a larger exciton radius leads to larger dipole moments. For comparison, in CdWO 4 , which has the alternative wolframite structure,
nm [27] . By extrapolation, we would expect BaWO 4 to have the largest − R d d of the crystals. Considering the fact that the number of defect centers is relatively small compared to the number of intrinsic centers, in high-density experiments, defect absorption would saturate much sooner than the intrinsic emission. This would in principle allow one to observe the intrinsic emission and also determine − R d d . A similar conclusion has been reached for CsI [43] .
Electron and hole ground state localization lengths
While we have thus shown that a larger cation radius leads to a larger exciton radius, the reason for this is not clear. Despite the differences in luminescence properties, the electronic structure, in the energy range of interest, is remarkably similar for the crystals, with no cation states near the top of the valence band (VB) or the bottom of the conduction band (CB) [10] . The VB is 4-5 eV wide and consists mainly of O 2p states with some contribution from the W 5d e and t 2 -like states in the lower half. The bottom of the CB is comprised of W 5d e-like states, followed by a small gap. The main effect of the cation is on the unit cell parameters. It follows that the stark contrast in the luminescence properties of these crystals, which we believe to originate from the different exciton radii, cannot be explained in terms of ground state properties, but is instead attributed to the different extent of electron-hole correlation and/or the excited state geometry relaxation and the resulting auto-localization of the exciton.
To further test this claim, we estimated the localization lengths of the valence and conduction states in the ground state configuration. In order to explain the observed spectra and the decay kinetics, we would expect the valence and/or conduction electrons to become drastically more delocalized in the order CaWO 4 → BaWO 4 . Using the formalism of maximally localized Wannier functions (MLWFs) [46] [47] [48] , the localization length can be defined as
for a given Wannier function ( ) r w n0 . In the Marzari-Vanderbilt scheme, MLWFs are produced by a certain unitary rotation of the Bloch states, which are generally approximated by the Kohn-Sham states obtained from a DFT calculation. Our DFT calculations were performed with Abinit [49] within the PAW [50] formalism using the PBEsol [51] exchange-correlation functional. The calculated DOS and band structures (not shown) agreed well with previous results [8] [9] [10] and, together with the optimized lattice constants (table 1), attest to the accuracy of the generated PAW datasets.
For tungstates, there are two formula units in the unit cell and thus a total of 48 valence electrons. From the shape of the MLWFs, the upper half of the VB has purely π p character, in agreement with [8] . The lower half is formed of σ p bonds hybridized with 5d e and t 2 -like states. The 8 conduction states have the 5d e-like character. It is evident (table 4) that the valence and conduction states indeed become slightly more delocalized as the cation radius increases, but not enough to explain the observed experimental results. The differences in δ are similar to the differences in the lattice constants. That the localization length of the π p states remains the same, is understood by the fact that these are more localized inside the tetrahedral − WO 4 2 molecular complex. The W-O bond length and thus the − WO 4 2 dimensions are the same for these crystals (table 1) . We conclude that indeed no ground state calculation is able to explain the radically different thermal stabilities.
Conclusions
In this work, we have extensively studied the intrinsic luminescence of CaWO 4 , SrWO 4 , and BaWO 4 . Based on the experiments of time-resolved emission spectra and the temperature dependencies of the intensity and the decay time of intrinsic luminescence, we have shown the rate of exciton diffusion to increase in the order CaWO 4 → SrWO 4 → BaWO 4 . In the case of BaWO 4 , intrinsic emission could not be observed, which is due to a very high exciton mobility to defect centers. Since the mobility or diffusion can be related to the exciton wavefunction spread, the experimental techniques used in this work indirectly suggest that the wavefunction spread increases in the order CaWO 4 → BaWO 4 , which correlates with the increase of the cation radius.
In addition, we have measured the decay kinetics of CaWO 4 and SrWO 4 under high excitation density using fs laser pulses and determined that a higher wavefunction spread also leads to a higher dipole moment of the Frenkel exciton in the scheelite crystals.
A definitive answer for why such correlation exists is yet to be found. We have shown the electronic ground state calculations to be unable to provide an explanation and suggest that important differences emerge only in the excited state dynamics, i.e., in different extents of electron-hole correlation or the excited state geometry relaxation. A larger cation wavefunction spread and hybridization with the relaxed exciton state could lead to a larger exciton wavefunction spread, which in turn can be related to diffusion and thermal stability. Such arguments are in principle testable using time-dependent ab initio methods, which are beyond the scope of this work.
